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Astrocytes are considered the third component
of the synapse, responding to neurotransmitter
release from synaptic terminals and releasing
gliotransmitters—including glutamate—in a
Ca2+-dependent manner to affect neuronal
synaptic activity. Many studies reporting astro-
cyte-driven neuronal activity have evoked
astrocyte Ca2+ increases by application of en-
dogenous ligands that directly activate neuronal
receptors, making astrocyte contribution to
neuronal effect(s) difficult to determine. We
have made transgenic mice that express a Gq-
coupled receptor only in astrocytes to evoke
astrocyte Ca2+ increases using an agonist that
does not bind endogenous receptors in brain.
By recording from CA1 pyramidal cells in acute
hippocampal slices from these mice, we dem-
onstrate that widespread Ca2+ elevations in
80%–90% of stratum radiatum astrocytes do
not increase neuronal Ca2+, produce neuronal
slow inward currents, or affect excitatory synap-
tic activity. Our findings call into question the
developing consensus that Ca2+-dependent
glutamate release by astrocytes directly affects
neuronal synaptic activity in situ.
INTRODUCTION
There is a considerable body of evidence to suggest that
astrocytes release transmitters—including glutamate—in
a Ca2+-dependent manner to modulate activity at adja-
cent neuronal synapses. Glutamate release by astrocytes
has been demonstrated in situ by changes in the synaptic
activity of adjacent neurons (Angulo et al., 2004; Fellin
et al., 2004; Fiacco andMcCarthy, 2004; Pasti et al., 1997;
Parri et al., 2001). The conditions under which astrocytesrelease glutamate, and subsequent effects on the activity
of neuronal synapses, are under active investigation. The
variety of methods used to date to stimulate astrocyte
Ca2+ increases, including mechanical stimulation, admin-
istration of agonists to endogenous Gq metabotropic
receptors, and uncaging second messengers such as
caged IP3 and caged Ca
2+, strongly suggests that Ca2+
elevations alone are sufficient to trigger release of gluta-
mate by astrocytes.
In a previous study by Pasti et al. (1997), astrocyte Ca2+
elevations triggered by the group I and II mGluR agonist
trans-ACPD were correlated to neuronal Ca2+ increases
that were blocked by ionotropic glutamate receptor
(iGluR) antagonists, suggesting that glutamate released
by astrocytes was modulating neuronal activity. More
recently, DHPG, a specific group I mGluR agonist, has
been shown to increase NMDA receptor-mediated slow
inward currents (SICs) in neurons in the presence of the
Na+ channel blocker TTX, an effect attributed to glutamate
release by astrocytes (Angulo et al., 2004; Fellin et al.,
2004). However, DHPG also appears to have a strong
direct effect on neurons, including elevating neuronal
Ca2+, potentiating NMDA currents, and producing
a long-term neuronal depolarization (Choe et al., 2006;
Mannaioni et al., 2001). It can therefore be difficult in stud-
ies employing endogenous agonists to dissect the poten-
tial contribution of astrocyte Ca2+ elevations to changes in
the activity of neurons versus effects produced by direct
stimulation of neurons by the applied agonist. Uncaging
IP3 or Ca
2+ in single astrocytes provides specificity of the
astrocyte stimulation. However, direct uncaging of sec-
ondmessengers is limited to a single astrocyte and cannot
reproduce the complexity of signaling events that occur
following stimulation of GPCRs.
We have developed transgenic mice that express a Gq-
coupled metabotropic receptor only in astrocytes. This
receptor, MrgA1, is normally expressed in dorsal root
ganglion nociceptive sensory terminals in the spinal cord
where it is activated by RF amide neuropeptides resulting
in Ca2+ release from internal stores (Dong et al., 2001). We
utilized the tet-off system to specifically target expressionNeuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 611
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2002). Thus, we have created a novel tool to study
astrocyte-neuronal interactions in the brain, where we
can selectively stimulate Ca2+ mobilization in a large
population of astrocytes while recording synaptic activity
in adjacent neurons.
A recently discovered form of astrocyte-to-neuron
communication in situ is NMDA receptor-mediated slow
inward currents (SICs) in pyramidal neurons that are
synchronized to astrocyte Ca2+ increases. SICs have
been observed spontaneously in the presence of TTX,
suggesting that they are not driven by neuronal synaptic
transmission, and they have also been evoked by DHPG
administration, uncaging of Ca2+ in single astrocytes,
and mechanical stimulation of astrocytes (Angulo et al.,
2004; Fellin et al., 2004; Parri et al., 2001; Perea and
Araque, 2005). In all cases, the neuronal SICs have been
attributed to stimulation of astrocyte Ca2+ mobilization
and subsequent astrocytic release of glutamate. Here
we show that synchronous, selective, widespread Ca2+
elevations evoked in 80%–90% of hippocampal astro-
cytes by stimulation of astrocytic MrgA1 receptors do
not affect basal miniature iGluR current activity, produce
neuronal Ca2+ elevations, or lead to the generation of
neuronal SICs. SIC-like currents reliably occurred during
perfusion with hypo-osmotic medium, in conditions in
which astrocyte IP3 receptor-mediated Ca
2+ mobilization
and neuronal vesicular release of transmitter were com-
pletely blocked. These data indicate that agonist-induced
astrocyte Ca2+ increases alone are insufficient to produce
SICs or modulate the activity of neuronal mEPSCs and
that SIC-like currents occur in swelling-induced patholog-
ical conditions and are completely independent of astro-
cyte Ca2+ elevations.
RESULTS
Gq-Coupled Receptor MrgA1 Is Expressed
Specifically in Hippocampal Astrocytes
In order to selectively stimulate Ca2+ increases in hippo-
campal astrocytes in situ by agonist administration, we
createdmice that express aGq-coupled receptor in astro-
cytes that is not activated by ligands released in brain and
whose ligand does not activate endogenous brain recep-
tors. This receptor, calledMas-related gene A1 (MrgA1), is
one of a family of GPCRs normally expressed in specific
subsets of nociceptive sensory neurons (Dong et al.,
2001). The MrgA1 receptor was targeted to astrocytes
using the inducible tet-off system (Figure 1A). In this sys-
tem, the tetracycline transactivator (tTA) is targeted to
astrocytes in transgenic mice using the human glial fibril-
lary acidic protein (hGFAP) promoter. These mice were
crossed to mice in which the green fluorescent protein
(GFP)-tagged MrgA1 receptor is transcribed off of the tet
(tetO) minimal promoter. In the absence of doxycycline
(dox), tTA binds to tetO and drives expression of the
MrgA1-GFP construct (Figure 1A). This resulted in astro-612 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.cyte-specific expression of the MrgA1 receptor and
GFP. For simplicity, hGFAP-tTA:: tetO-MrgA1 mice are
henceforth referred to as MrgA1+. The MrgA1+ transgenic
Figure 1. The Gq-Coupled Receptor MrgA1 Is Expressed
Exclusively by Astrocytes in the Hippocampus
(A) Crossing hGFAP-tTA to tetO-MrgA1 mice resulted in the expres-
sion of MrgA1 exclusively in astrocytes in the absence of doxycycline
(see Experimental Procedures). As GFP is fused to the MrgA1 receptor
construct, GFP staining indicates MrgA1 receptor expression.
(B) In the hippocampus, 80%–90%of astrocytes expressed theMrgA1
receptor, while neurons did not express the receptor. The left panel
shows astrocytes immunostained for GFAP (red) and GFP (green) to
show MrgA1 expression. Astrocytes coexpressing GFAP and the
MrgA1 receptor appear yellow. A few GFAP+ astrocytes do not ex-
press theMrgA1 receptor (arrows). The right panel showsGFP labeling
in astrocytes (green) together with NeuN labeling of neuronal nuclei in
stratum pyramidale of CA1 (red). Neurons do not express the MrgA1
receptor. A few astrocytes in the field do not express MrgA1 (arrows).
(C) NG2+ glia do not express the MrgA1 receptor. Arrows point to
regions of minimal GFP staining (upper left panel) that correspond to
specific NG2+ antibody labeling (lower left panel). In the merged image
(right panel), GFP and NG2+ staining do not overlap.
(D) A higher-magnification image showing overlapping expression of
GFAP and GFP. Arrowheads point to cells expressing both GFAP
and GFP, demonstrating that astrocytes express the MrgA1 receptor.
Scale bars, 20 mM.
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transgenic littermates and C57BL/6J mice. Approximately
80%–90%of astrocytes expressed theMrgA1 receptor as
indicated by colocalization of GFAP and GFP (Figure 1B,
left panel, and Figure 1D). This percentage of astrocyte
MrgA1R expression was similar to the percentage of pas-
sive astrocytes in acute hippocampal slices from MrgA1+
mice that gave Ca2+ responses to the MrgA1 agonist pep-
tide phe-leu-arg-phe amide (FLRFa) during or following
patch-clamp (38/41, 93%). The percentage of astrocytes
expressing the MrgA1 receptor is comparable to the per-
centage of astrocytes functionally expressing other Gq
metabotropic receptors coupled to Ca2+ mobilization
(Shelton and McCarthy, 1999, 2000). Neuronal labeling
by NeuN did not colocalize with GFP fluorescence, indi-
cating that neurons do not expressMrgA1 (Figure 1B, right
panel). Similarly, NG2 staining of NG2+ glia did not overlap
withGFP staining, indicating that NG2+ glia do not express
the MrgA1 receptor (Figure 1C). It is important to note that
occasional astrocytes not expressing MrgA1 appeared to
be randomly scattered, not clustered together in small
groups (Figure 1B, arrows). This created a high confidence
level that a given patch-clamped CA1 pyramidal neuron
would ramify a large percentage of its dendritic arbors
through a field of astrocytes expressing MrgA1 receptors
(see below).
MrgA1 Receptors in Astrocytes Are Functional
Gq-Coupled GPCRs
In order to determine whether astrocytes expressed
functional MrgA1 receptors, hippocampal slices were
bulk-loaded with the Ca2+ indicator Ca2+ green-1 AM and
5 mM FLRFa was bath applied. Administration of FLRFa
for 1 min resulted in robust Ca2+ elevations in the majority
of hippocampal astrocytes in slices from MrgA1+ mice
(Figure 2A). We occasionally saw an astrocyte respond
to tACPD that did not give a Ca2+ response to FLRFa,
corroborating the findings from Figure 1 showing that
a few astrocytes do not express MrgA1 in MrgA1+ mice
(data not shown). Astrocyte Ca2+ increases following
FLRFa administration were similar in amplitude to typical
endogenous Gq receptor Ca2+ responses following ago-
nist application, although MrgA1 receptor responses
were consistently of longer duration (Figure 2A, bottom
panel). The concentration of 5 mM FLRFa was chosen
following dose-Ca2+ response experiments in MrgA1+
astrocytes to 1, 2.5, 5, 10, and 25 mM applications of
FLRFa (data not shown). Five mMwas theminimal concen-
tration necessary to produce Ca2+ increases in MrgA1+
astrocytes. The dose-response experiments were consid-
ered important for limiting potential nonspecific effects of
the agonist peptide on astrocytes and/or neurons. Impor-
tantly, FLRFa never produced astrocyte Ca2+ responses in
single transgenic hGFAP-tTA+ or tetO-MrgA1+ (hence-
forth referred to as MrgA1) littermate control mice at
the highest concentration tested (20 mM), in a total of 43
astrocytes in 6 slices (Figure 2B). In these experiments,
an agonist cocktail consisting of histamine (10 mM), carba-chol (10 mM), and 2Na-ATP (50 mM) was used as a positive
control for Gq-coupled astrocyte Ca2+ responses. In sum-
mary, application of the MrgA1 receptor agonist FLRFa to
hippocampal slices from MrgA1+ mice resulted in wide-
spread, astrocyte-specific Ca2+ elevations, while FLRFa
administered to MrgA1 mice did not affect astrocyte
Ca2+ levels.
MrgA1 Receptor Ca2+ Responses Mirror
Endogenous mGluR Responses
We next wanted to characterize the localized Ca2+
responses in single astrocytes following stimulation of
astrocytic MrgA1Rs. The presence of functional MrgA1
receptors on astrocyte processes, which surround neuro-
nal synapses (Ventura and Harris, 1999), may impact the
effectiveness ofMrgA1-mediatedCa2+ elevations to affect
neuronal synaptic activity. Therefore, FLRFa-mediated
astrocyte Ca2+ responses were compared to Ca2+ re-
sponses produced by uncaging IP3 in the astrocyte
soma, within the same cell (Figures 3A–3D). We had previ-
ous experience uncaging IP3 in astrocytes to produce
synchronized intracellular Ca2+ waves that propagate
into the vast majority of visible astrocyte compartments
(Fiacco and McCarthy, 2004). The morphology of astro-
cytes was not detectably affected by their expression of
MrgA1 receptors (Figures 3A and 3E), and electrophysio-
logical properties were similar to those from patch-
clamped passive astrocytes in wild-type hippocampus
(Vm: 81.23 ± 0.44 mV MrgA1+, 82.62 ± 0.74 mV WT;
Rm: 3.61 ± 0.92 MU MrgA1+, 4.53 ± 0.33 MU WT; n = 31
MrgA1+, 67 WT). Uncaging IP3 resulted in a predictable,
synchronized Ca2+ wave that radiated out from the astro-
cyte soma into proximal and then more distal compart-
ments, as seen previously (Fiacco and McCarthy, 2004)
(Figure 3D). Assuming functional MrgA1 receptor expres-
sion throughout the astrocyte and its processes, we pre-
dicted that Ca2+ would elevate at the same time in all
regions of interest (ROIs) over the cell following bath appli-
cation of FLRFa, unlike the wave seen following uncaging
of IP3. We were surprised, however, to find that Ca
2+ ele-
vated first in a particular compartment(s), consistent with
a Ca2+ wave originating from a particular locus or loci in
the cell (Figure 3C). Repeated activation of MrgA1Rs
resulted in the repeated initiation of the Ca2+ wave from
the same intracellular locus (data not shown). The Ca2+
wave triggered in response to FLRFa traveled at a velocity
of 5.25 ± 0.8 mm/s (n = 4 astrocytes) from its point of initi-
ation, significantly slower on average compared to the
12.42 ± 2.15 mm/s (n = 6 uncaging responses, 2 astro-
cytes) following uncaging IP3 in the astrocyte soma (p =
0.0317, Student’s t test; Figure 3, see also Movie S1 in
the Supplemental Data available online). In the four astro-
cytes studied, Ca2+ always elevated first in a process fol-
lowing FLRFa administration. By comparing the positions
of the particular processes among the different astro-
cytes, it was clear that the direction of theCa2+wave could
not be explained by a possible perfusion flow effect (drug
diffusing across the cell from a particular direction).Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 613
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Astrocyte Ca2+ Does Not Affect Neuronal ActivityFigure 2. Activation of theMrgA1 Receptor Produces Robust,Widespread Astrocyte Ca2+ Increases in AcuteMouse Hippocampal
Slices
(A and B) Top panels show numbered astrocytes bulk-loaded with Ca2+ green-1 AM indicator that correspond to the numbered fluorescence over
time traces in bottom panels. Increases in DF/F0 indicate increases in cytoplasmic Ca
2+ concentration (see Experimental Procedures).
(A) In MrgA1+ mice maintained off doxycycline, FLRFa administration resulted in robust astrocyte Ca2+ increases in the majority of hippocampal
astrocytes. Note thatMrgA1 receptor-mediated astrocyte Ca2+ responseswere similar in amplitude to those produced by tACPD, although the FLRFa
Ca2+ responses were longer lasting.
(B) In control mice expressing only tTA or the tetO MrgA1 construct, administration of peptide FLRFa did not produce a Ca2+ increase in astrocytes
bulk-loaded with Ca2+ indicator. As a positive control for astrocyte Ca2+ increases resulting from release from internal stores, an agonist cocktail
consisting of histamine (10 mM), carbachol (10 mM), and 2Na-ATP (50 mM) was bath-applied.
Scale bars, 10 mM.The initiation of a Ca2+ wave from an intracellular locus
in an astrocyte process following activation of the MrgA1
receptor might indicate a clustering of MrgA1Rs near ER
release sites, similar to what is thought to occur for endog-
enous Gq GPCRs. To check this possibility, Ca2+ re-
sponses elicited by activation of endogenous group 1
mGluRs were compared to the MrgA1R Ca2+ responses
(Figures 3E–3G). Activation of endogenous mGluRs re-
sulted in the initiation of a Ca2+ wave from the same com-
partment(s) in the astrocyte process that was observed
following activation of the MrgA1 receptors. These data
suggest that the same localized signaling molecules re-
quired for Ca2+ release from internal stores are activated
by both endogenous mGluRs and the transgenic
MrgA1Rs.What likely follows is propagation of an intracel-
lular Ca2+ wave along secondary amplification sites.
Such ‘‘Ca2+ wave initiation sites’’ and ‘‘wave amplification614 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.sites’’ have been described previously in cultured prepa-
rations (Haak et al., 2001; Roth et al., 1995; Shuai and
Jung, 2003; Yagodin et al., 1995) and attributed to a local
clustering of IP3Rs and other release machinery. Impor-
tantly, the Ca2+ responses following activation of the
transgenic MrgA1 receptors mirrored the responses of
endogenous mGluRs, suggesting that the MrgA1 recep-
tors behave similarly to endogenous metabotropic recep-
tors and are likely functionally expressed in astrocyte
processes.
Stimulation of MrgA1R Astrocyte Ca2+ Elevations
Does Not Affect Neuronal Activity
To characterize the possible effect of astrocyte-specific
Ca2+ elevations on neuronal activity, mixed AMPA/
NMDA mEPSCs were recorded in CA1 pyramidal cells
during FLRFa application in acute hippocampal slices
Neuron
Astrocyte Ca2+ Does Not Affect Neuronal ActivityFigure 3. MrgA1 Ca2+ Responses in Sin-
gle Astrocytes Mimic Endogenous
mGluR Responses
Numbered regions of interest (ROIs) over astro-
cytic compartments (A and E) correspond to
the fluorescence over time measurements
recorded in the same regions (B–D, F, and G).
Increases in fluorescence indicate Ca2+ eleva-
tions (see Experimental Procedures).
(A) Astrocyte patch-clamped with OGB-1 Ca2+
indicator dye and 400 mM caged IP3 in a hippo-
campal slice from a MrgA1+ mouse. IP3 was
uncaged in a roughly 2.5 mM diameter cone
over the astrocyte soma.
(B) Fluorescence measurement over time
showing the FLRFa peptide Ca2+ response
followed by IP3 uncaging Ca
2+ responses
(arrows). Hatched boxes indicate regions of
expanded timescale shown in (C and D).
(C) Administration of peptide FLRFa resulted in
a Ca2+ increase in ROI 4 well before it elevated
in the other ROIs, suggesting a Ca2+ release ini-
tiation point in this astrocyte process. The ver-
tical dotted line marks the initiation of the Ca2+
increase.
(D) Uncaging IP3 in the astrocyte soma (ROI 1)
resulted in a synchronized, propagating Ca2+
wave. The dotted line marks the peak of the
Ca2+ elevation in the astrocyte soma.
(E and F) In the same astrocyte, an FLRFa pep-
tide Ca2+ response was followed by a DHPG-
induced Ca2+ response. Hatched boxes indi-
cate regions of expanded timescale shown
in (G).
(G) The Ca2+ elevation evoked by FLRFa appli-
cation (upper panel) produced a pattern nearly
identical to that produced by DHPG application
(lower panel).
Scale bars, 10 mM.from MrgA1+ mice. Previous studies reporting the exis-
tence of large, slow NMDA receptor-mediated neuronal
inward currents (SICs) as a primary effect of astrocyte
Ca2+ stimulation (and subsequent glutamate release)
(Angulo et al., 2004; Fellin et al., 2004; Parri et al., 2001;
Perea and Araque, 2005) prompted us tomimic conditions
used by the other laboratories in an effort to facilitate their
occurrence. To this end, events were recorded in Mg2+-
free ACSF in the presence of 1 mMTTX to prevent neuronal
synaptic transmission, 10 mM D-serine to increase the
probability of NMDAR activation by glutamate (D-serine
has been shown to be a potent coagonist at the NMDA
site in the hippocampus; Martina et al., 2003), and
100 mM picrotoxin to block GABAA receptor-mediated
synaptic inhibition (Figure 4A). Electrophysiological prop-
erties of neurons from MrgA1+ mice were similar to those
of wild-type mice (Vm: 60.50 ± 0.51 mV MrgA1+,60.04 ± 0.55 mV WT; Rm: 344.99 ± 19.60 MU MrgA1+,
352.54 ± 27.49 MU WT; n = 29 MrgA1+, 30 WT). Special-
ized software (see Experimental Procedures) was used
to temporally synchronize astrocyte Ca2+ elevations to
the neuronal current recording (Figure 4B). Within each
individual current recording, events were averaged
before, during, and after the agonist-evoked astrocyte
Ca2+ increases. Averaged traces in Figure 4C are from
the representative neuronal recording shown in Figure 4B.
In a total of 13 recorded neurons from 13 slices from
MrgA1+ mice, there was no significant effect of astrocyte
Ca2+ elevations on averagemEPSC frequency, amplitude,
or kinetics (Figure 4D). The recorded events had the ap-
pearance of synaptic events based on their smaller size
and faster kinetics (Figure 4D), clearly different from the
large amplitudes and extremely slow kinetics that have
been reported for SICs (Angulo et al., 2004; Fellin et al.,Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 615
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trocyte Ca2+ Increases Do Not Pro-
duce an Effect onmEPSCs in CA1 Py-
ramidal Neurons
(A) Neurons were patch-clamped with
Alexa 568 hydrazide dye (red) to image
cell morphology relative to astrocytes
bulk-loaded with Ca2+ green-1 AM dye
(green). Numbered ROIs over astrocytes
in which fluorescence intensity was mea-
sured over time correspond to the num-
bered traces in (B).
(B) Astrocytes expressing the MrgA1 re-
ceptor were stimulated to release Ca2+
from internal stores by perfusion of the
MrgA1 agonist peptide FLRFa during neu-
ronal recording of mixed AMPA/NMDA re-
ceptor mEPSCs (upper trace) in a Mg2+-
free external solution containing 100 mM
picrotoxin, 10 mM D-serine, and 1 mM TTX.
This solution was used to maximize the
probability ofmeasuringNMDAR-mediated
SICs as reported elsewhere. There was no
effect of astrocyte Ca2+ elevations pro-
duced by MrgA1 Gq receptor activation
on the neuronal recording. The inset shows
a representative mEPSC on a larger time-
scale (scale bar, 10 pA, 100 ms).
(C) Miniature EPSCs averaged before, dur-
ing, and after FLRFa-evoked astrocyte
Ca2+ increases in the representativeneuron.
(D) Neuronal currents analyzed in three
bins—before, during, and after selective
astrocyte Ca2+ elevations—revealed no dif-
ferences in frequency, amplitude, and ki-
netics (n = 13 neurons, 13 slices).
(E) Cumulative probability plotted for ampli-
tude (top) and interevent interval (bottom)
show the full range of distributions. Kolmo-
gorov-Smirnov analysis revealed no signifi-
cant difference in the parameters (ampli-
tude: p = 0.4273 before versus during,
0.3265 before versus after, 0.1210 during
versus after; interevent interval: p = 0.0828
before versus during, 0.0719 before versus
after, 0.7889 during versus after).
Error bars indicate SEM. Scale bar, 10 mM.2004; Parri et al., 2001). The event distribution for ampli-
tude and interevent intervals from all cells was plotted as
cumulative probability before, during, and after MrgA1 re-
ceptor-mediated astrocyte Ca2+ elevations (Figure 4E).
These distributions were analyzed using the Kolmogorov-
Smirnov algorithm and were not statistically different
(amplitude, p = 0.4273 before versus during, p = 0.3265
before versus after, p = 0.1210 during versus after; intere-
vent interval, p = 0.0828 before versus during, p = 0.0719
before versus after, p = 0.07889 during versus after). In a
similar set of experiments, application of AP5 blocked
a tonic glutamate current and dramatically reduced syn-
aptic ‘‘noise’’ due to activation of NMDAR conductances
by ambient glutamate (Figure S1), and yet widespread
MrgA1R astrocyte Ca2+ elevations had no effect on
NMDAR activity. These findings strongly suggest that616 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.astrocyte Ca2+ elevations are insufficient to produce
neuronal SICs or significantly affect baseline miniature
excitatory synaptic activity.
In control experiments, slices from MrgA1 mice were
used. Application of the MrgA1 receptor agonist peptide
FLRFa did not produce astrocyte Ca2+ elevations in
MrgA1mice (Figure 2B), nor did we observe any effect on
the neuronal current recording (n = 10 neurons, 10 slices;
data not shown).
Stimulation of Astrocytic MrgA1Rs Does Not Result
in Neuronal Ca2+ Elevations
As an additional test for Ca2+-dependent glutamate
release by astrocytes, we assayed for increases in neuro-
nal Ca2+ levels during stimulation of astrocytic MrgA1Rs.
It was previously reported that application of agonists to
Neuron
Astrocyte Ca2+ Does Not Affect Neuronal ActivityFigure 5. Stimulation of Astrocytic MrgA1 Receptors Does Not Produce Neuronal Ca2+ Elevations
(A) Neurons were patch-clamped with Alexa 568 to image neuronal compartments, and Fluo-4 Ca2+ indicator dye to measure Ca2+ levels. The region
analyzed for Ca2+ elevations (highlighted) is expanded in the lower panel. ROIs were placed over secondary dendrites and spines to measure Ca2+
changes.
(B) During recording of neuronalmembrane potential (upper trace),MrgA1 receptors in astrocyteswere activated by FLRFa. DHPGwas used as a pos-
itive control for neuronal Ca2+ elevations. While application of FLRFa produced no effect on the neuronal recording or Ca2+ levels, DHPG produced
a long-lasting depolarization and firing of neuronal action potentials that correlated to Ca2+ spikes in the dendrites (lower traces). Both the neuronal
firing and Ca2+ oscillations were blocked by TTX. The lack of effect of 15 mM DHPG on neuronal Ca2+ levels in the presence of TTX is not surprising
given the low concentration of DHPG used. The inability of 15 mM DHPG to elevate neuronal Ca2+ is in agreement with data showing an inability of
DHPG to produce neuronal SICs (Figure 6).
Scale bar, 5 mM.endogenous mGluRs produced astrocyte Ca2+ elevations
that led to Ca2+ elevations in neurons (Fellin et al., 2004;
Pasti et al., 1997). The Ca2+ elevations previously reported
were measured in cell bodies and, similar to reported
SICs, synchronized among small groups of pyramidal
neurons. In our experiments, pyramidal neurons in CA1
were patch-clampedwith Alexa 568 to view their morphol-
ogy and Fluo-4 to measure changes in Ca2+. In one set
of experiments (n = 5 neurons, 5 slices), neurons were
patch-clamped for 10 min and then, following pipette
removal, given 15 min for dye equilibration and cell recov-
ery prior to beginning Ca2+measurements. In a second set
of experiments, neurons were maintained in current-
clamp to record cell resting membrane potential during
measurements of neuronal Ca2+ (n = 4 neurons, 4 slices)
(Figure 5). Both sets of experiments were performed in
Mg2+-free ACSF + 10 mM D-serine, 100 mM picrotoxin,
and 10 mM of the AMPAR antagonist NBQX to provide
ideal conditions for an astrocytic glutamatergic modula-
tion of neuronal NMDARs. Calcium activity was recorded
in secondary oblique dendrites and neuronal spines
(Figure 5A), primary sites of glutamatergic input from
Schaffer collateral terminals (Frick et al., 2003; Sobczyk
et al., 2005). In both sets of experiments, application of
FLRFa to stimulate astrocytic MrgA1Rs failed to produce
Ca2+ elevations in neuronal dendrites (Figure 5B). As
a positive control for neuronal Ca2+ elevations, 15 mM
DHPG was administered, which reliably triggered a long-
lasting depolarizing shift in membrane potential (6.02 ±
0.75 mV, n = 4 neurons), firing of neuronal action poten-tials, and Ca2+ spiking. The Ca2+ elevations appeared to
be the result of back-propagating action potentials
triggered by the direct long-lasting depolarizing effect of
DHPG on neurons (Mannaioni et al., 2001; Rae and Irving,
2004), because the synchronized action potentials and
Ca2+ elevations were blocked by TTX. We were unable
to produce reliable neuronal Ca2+ increases during
DHPG application with TTX present, suggesting that the
15 mM concentration of DHPG used was too low to elicit
Ca2+ release from neuronal dendritic stores. Previous
studies used between 30 and 100 mM DHPG to elevate
neuronal Ca2+ levels (Bianchi et al., 1999; Mannaioni
et al., 2001; Rae and Irving, 2004). A higher concentration
of DHPG was not used because we wanted to maintain
a similar concentration previously used by other groups
to elicit neuronal Ca2+ elevations and SICs that were
attributed to glutamate release by astrocytes (Angulo
et al., 2004; Fellin et al., 2004). In summary, activation of
astrocyte-specific Gq receptor signaling did not lead to
neuronalCa2+elevations, a further indication thatastrocytes
do not release glutamate in a Ca2+-dependent manner.
Depolarizing Effect of DHPG on Neuronal Activity
Is Independent of Astrocyte Ca2+ Elevations,
and Neither DHPG Application nor Uncaging Ca2+
in Single Astrocytes Produces Neuronal SICs
Previous studies have shown that both bath application of
10–15 mM DHPG (Angulo et al., 2004; Fellin et al., 2004)
and uncaging Ca2+ in single astrocytes (Fellin et al.,
2004) produce slow inward currents in neurons. WeNeuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 617
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Astrocyte Ca2+ Does Not Affect Neuronal ActivityFigure 6. Slow Inward Currents Were Not Observed when Applying Methods Used by Other Groups
(A) Note that ROI 4 is over an astrocyte that shares the same x, y coordinates as neuronal dendritic compartments.618 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.
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nal SICs in MrgA1+ and wild-type mice. In the first of these
experiments, 15 mMDHPG was applied to MrgA1+ hippo-
campal slices bulk-loaded with Ca2+ green-1 AM dye,
while recording NMDA mEPSCs in CA1 pyramidal neu-
rons in a Mg2+-free external solution containing 10 mM
D-serine, 100 mM picrotoxin, 1 mM TTX, and 10 mM
NBQX (Figures 6A–6D). Application of DHPGdid not affect
the NMDA mEPSCs recorded in this neuron (Figures 6B
and 6C). Interestingly, DHPG, but not FLRFa, produced
an obvious effect on the neuronal current recording:
a baseline shift in inward current of 17.5 ± 2.9 pA (n = 9
neurons), indicative of a long-term cellular depolarization
as seen previously (Mannaioni et al., 2001; Rae and Irving,
2004) (Figure 6B). Because the effect of 15 mM DHPG on
astrocyte Ca2+ was negligible compared to 5 mM FLRFa
(Figure 6B), the data suggest that DHPG-induced neuro-
nal depolarization occurs independent of astrocyte Ca2+
elevations and therefore is due to a direct action of
DHPG on neuronal mGluRs.
During the course of these experiments, IP3R2 knock-
out mice became available to us from the lab of Dr. Ju
Chen at the University of California at San Diego (Li
et al., 2005). Because glial cells including astrocytes,
oligodendrocytes, and NG2+ glia only express the type 2
IP3 receptor while neurons also express IP3R1 and IP3R3
(Holtzclaw et al., 2002; Sharp et al., 1999), IP3R2 knockout
should eliminate astrocytic IP3 receptor-dependent Ca
2+
increaseswhile leaving intact neuronal IP3 receptor signal-
ing. In hippocampal slices from IP3R2 KO mice bulk-
loaded with Ca2+ indicator, 0/69 (0%) of astrocytes from
nine slices responded to a metabotropic receptor agonist
cocktail consisting of histamine (10mM), carbachol (10 mM),
and DHPG (10 mM), while 44/51 (86%) of astrocytes
from six slices from IP3R2
+/ mice responded with
Ca2+ increases. These data demonstrated that IP3 re-
ceptor-sensitive Ca2+ elevations in astrocytes are com-
pletely blocked in IP3R2 KO mice. In six neuronal re-
cordings from six hippocampal slices from IP3R2 KOmice, DHPG produced a 14.7 ± 3.1 pA inward shift
in baseline current recorded in CA1 pyramidal cells.
This effect was not significantly different from the in-
ward current recorded in nine neurons from MrgA1+
mice following DHPG application (17.5 ± 2.9 pA; p =
0.541, Student’s t test). These results strongly suggest
that DHPG-induced depolarization of CA1 pyramidal
neurons is due to direct action of DHPG on neuronal
group I mGluRs, not due to astrocyte Ca2+ elevations
and putative gliotransmitter release.
To determine whether DHPG could produce neuronal
SICs in MrgA1+ transgenic mice, the NMDA event ampli-
tudes and decay taus were analyzed from nine neuronal
recordings in nine slices (Figure 6D). There was no effect
of DHPG on the average amplitude and decay tau (decay
tau baseline versus DHPG, p = 0.5310, Student’s t test).
Cumulative probability of amplitude and decay tau was
also plotted in the two conditions and analyzed using
the Kolmogorov-Smirnoff test (Figure 6D, right panels).
There was no significant difference in these parameters
recorded in DHPG versus baseline (amplitude, p =
0.3543; decay tau, p = 0.7747). Because SICs on average
are much larger and slower compared to synaptically
mediated events, the data strongly suggest that SICs do
not occur during DHPG application.
We also tested for astrocyte-mediated neuronal SICs by
uncaging Ca2+ in astrocytes in wild-type C57BL/6Jmouse
hippocampal slices (Figures 6E–6H). Caged Ca2+ was
bulk-loaded into astrocytes together with the Ca2+ indica-
tor dye Fluo-4. This method has been used successfully
by other groups to show neuronal SICs correlated to the
evoked astrocyte Ca2+ elevations (Fellin et al., 2004).
Uncaging Ca2+ in a single astrocyte (Figure 6E, box 10)
did not affect the isolated NMDA mEPSCs recorded in
this neuron (Figures 6F and 6G). Average amplitude and
decay tau were not statistically different during evoked
astrocyte Ca2+ elevations versus baseline (decay tau, p =
0.3508, n = 3 neuron-astrocyte pairs; Figure 6H). Due to
variability in decay tau measurements in small sample(B) Bath application of DHPG (15 mM) produced a long-lasting inward current, despite aminimal effect on astrocyte Ca2+ (lower-numbered traces that
match ROIs in (A). Application of 5 mM FLRFa produced robust astrocyte Ca2+ increases without affecting the neuronal recording. Thus, DHPG-
induced inward current does not require astrocyte Ca2+ elevations. Ten mM NBQX was included in the external solution in an effort to better isolate
SICs. All remaining currents were mediated by NMDA receptors, as demonstrated pharmacologically in separate experiments by applying DL-AP5.
(C) Averaged traces from the neuronal recording in (B) during baseline and DHPG application.
(D) Amplitude and decay tau of events during the baseline recording versus during DHPG application were averaged from nine neurons from nine
separate slices (left panels) (decay tau, p = 0.5310; Student’s t test). Error bars indicate SEM. The complete distribution of these parameters was
plotted as cumulative probability (right panels) (amplitude p = 0.3543; decay tau p = 0.7747; Kolmogorov-Smirnoff test). Collectively, these data
demonstrate that DHPG application does not lead to neuronal SICs.
(E–H) Uncaging Ca2+ in single astrocytes also did not produce neuronal SICs.
(E) Slices were bulk-loaded with Fluo-4 a.m. Ca2+ indicator dye and o-np EGTA AM ester (a bulk-loaded form of caged Ca2+). In this experiment, Ca2+
was uncaged in the astrocytemarked by the arrow (astrocyte 10) in (F). The inset shows the same astrocyte relative to the apical dendrite of the patch-
clamped neuron.
(F) Uncaging Ca2+ (arrows) in astrocytes produced large astrocyte Ca2+ elevations that did not result in the occurrence of SICs recorded in the
adjacent CA1 pyramidal neuron.
(G) Averaged traces from the neuronal recording in (F) during baseline and uncaging evoked astrocyte Ca2+ increases.
(H) Amplitude, decay tau, and area of NMDA events averaged over three neuron-astrocyte pairs were not statistically different (decay tau p = 0.3508,
Student’s t test). Error bars indicate SEM. Cumulative probability of amplitude and area were plotted to show the complete distribution of these
parameters (right panels).
Scale bars, 10 mM.Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 619
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mate Concentration Are Readily De-
tected in Experiments Demonstrating
No Effect of Astrocyte Ca2+ Eleva-
tions on Neuronal Activity in Wild-
Type Mice
(A) During neuronal recording of NMDA/
AMPA mEPSCs (upper trace), astrocyte
Ca2+ elevations were evoked by applica-
tion of Et-1 and Et-3 (lower traces labeled
1–6). There were no changes observed in
the level of spontaneous iGluR synaptic ac-
tivity or in the level of synaptic noise during
the astrocyte Ca2+ elevations compared to
baseline neuronal recording. However, ap-
plication of the astrocytic GLT-1 glutamate
transporter inhibitor DHK (100 mM) pro-
duced both an increase in inward current
as well as an increase in the level of synap-
tic noise. Application of DL-AP5 and NBQX blocked the increase in iGluR activation by DHK as well as a tonic inward current that was present prior to
DHK application.
(B) Portions of the neuronal recording during baseline (1) versus during astrocyte Et-evoked Ca2+ elevations (2) are shown in an expanded timescale for
easier comparison. There was no effect of the astrocyte Ca2+ elevations on the neuronal recording.
(C)Comparisonof the levelof synapticnoiseduringastrocyteCa2+elevations (upper trace), duringDHKadministration (middle trace), and in thepresence
of DL-AP5 + NBQX (lower trace) shown in expanded timescale reveals no effect of astrocyte Ca2+ elevations on the level of iGluR-mediated synaptic
noise.
These data were replicated in five recordings from five hippocampal slices.sizes, we alsomeasured average area (pA$ms), whichwas
the same in baseline versus during evoked astrocyte Ca2+
increases (Figure 6H). Cumulative probability of amplitude
and area was not statistically different in baseline versus
evoked astrocyte Ca2+ increases (amplitude, p = 0.9759;
area, p = 0.7841, Kolmogorov-Smirnov test). These data
provide further evidence that evoked astrocyte Ca2+ in-
creases do not lead to the production of large slow inward
currents in neurons.
Neuronal NMDA Receptors Are Tonically Activated
by Ambient Glutamate and Sense Changes
in Ambient Glutamate Concentration but
Are Not Affected by Astrocyte Ca2+ Elevations
To provide further evidence that astrocyte Ca2+ elevations
are insufficient to produce changes in neuronal iGluR
activity in wild-type mice, we demonstrated sequentially
in the same set of neuronal recordings (1) a lack of effect
of astrocyte Ca2+ on neuronal AMPA/NMDA mEPSCs
during application of Ets (see also Figure S3), (2) an
increase in inward current and synaptic noise due to ele-
vated ambient glutamate concentration acting on NMDA
receptors, and (3) a tonic activation of NMDARs by basal
levels of ambient glutamate (Figure 7). Similar to the
data shown in Figure S3, stimulation of astrocyte Ca2+
by activation of endogenous Et receptors did not affect
the individual miniature excitatory synaptic currents (Fig-
ures 7A and 7B). Application of the astrocyte GLT-1 gluta-
mate transporter inhibitor dihydrokainate (DHK, 100 mM)
produced an inward shift in baseline current and an
increase in synaptic noise suggesting an enhanced tonic
activation of iGluRs due to elevated ambient glutamate
concentration (Figures 7A and 7C). This was confirmed620 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.by blocking the effect of DHK by application of the
NMDA and AMPAR antagonists DL-AP5 and NBQX (Fig-
ures 7A and 7C). In addition to blocking the DHK effect,
the iGluR antagonists reduced the amount of baseline cur-
rent prior to DHK application, indicating that iGluRs sense
basal concentrations of ambient glutamate. We found
similar results on the holding current and level of noise us-
ing the NMDAR antagonist DL-AP5 alone, suggesting that
NMDA receptors are the predominant iGluR subtype that
is activated by ambient glutamate (see also Figure S1). In
addition to producing no effect on the iGluR mEPSCs,
stimulation of endogenous astrocytic EtRs also did not af-
fect the level of synaptic noise, which was comparable to
the level observed in the presence of the iGluR antago-
nists and much less than that observed in the presence
of DHK (Figure 7C). The data from these experiments
strongly suggest that astrocyte Ca2+ elevations do not
result in a glutamatergic modulation of neuronal iGluR
synaptic activity.
NMDA Receptor-Mediated SIC-like Currents
Are Evoked in Hypo-Osmotic Solution and Occur
in the Absence of Neuronal Vesicular Transmitter
Release and Astrocyte Ca2+ Elevations
In our next set of experiments, we sought to determine
whether SICs could be evoked in nonphysiological
conditions. Astrocytes have been shown to release gluta-
mate in a nonvesicular, Ca2+-independent manner in con-
ditions that lead to cell swelling, such as ischemia, hypo-
natraemia, and brain trauma (Abdullaev et al., 2006; Fellin
et al., 2006; Kimelberg, 2004; Liu et al., 2006b). Recently,
Kozlov et al. (2006) observed that astrocyte-driven neuro-
nal SICs recorded in rat olfactory bulb were enhanced
Neuron
Astrocyte Ca2+ Does Not Affect Neuronal Activitysignificantly in hypo-osmotic medium, suggesting a possi-
ble involvement of volume-regulated anion channels
(VRACs) in a Ca2+-independent form of glutamate release.
To test the possibility that SIC-like events occur prefer-
entially in hypo-osmotic conditions, we recorded neuronal
NMDA mEPSCs from MrgA1+ mice in Mg2+-free ACSF
(+ 10 mM D-serine, 100 mM picrotoxin, 1 mM TTX, 10 mM
NBQX) before and during switch to25mMNaCl solution.
Switch to hypo-osmotic ACSF reliably evoked SIC-like
events in CA1pyramidal cells (Figure 8A). The SIC-like cur-
rents were frequent during the initial application of the
hypo-osmotic solution but continued to occur at low fre-
quency until switch back to normo-osmotic ACSF. These
events were of large amplitude, on average (107.9 ±
25.5 pA), with slow kinetics (10%–90% rise 55 ± 13.8 ms;
decay tau 179.8 ± 45.8 ms, n = 20 events from 3 neurons,
3 slices). The SICs were difficult to detect in hypo-osmotic
solution containing 1.3 mM Mg2+ (n = 4 neurons) and
blocked by 50 mM DL-AP5 (n = 6 neurons), indicating that
they are mediated by NMDA receptors (Figure 8B).
We then performed experiments to determine whether
(1) the SIC-like events depend upon vesicular release of
transmitter from neurons and (2) whether the SIC-like
events require Ca2+ mobilization from astrocyte internal
stores. To this end, five slices from IP3R2 KO mice were
incubated for a minimum of 1 hr in 4 mM bafilomycin A1,
an inhibitor of the vacuolar ATPase responsible for
glutamate loading into synaptic vesicles. As discussed
previously, astrocytes from IP3R2 KO mouse slices are
completely incapable of mobilizing Ca2+ from IP3 recep-
tor-dependent internal stores (see above). Neuronal
recordings from bafilomycin-treated IP3R2 KO slices
(+1 mM TTX) were nearly completely devoid of NMDA re-
ceptor-mediated synaptic activity compared to slices not
incubated in bafilomycin (Figure 8C), indicating a thorough
block of neuronal vesicular release of glutamate. How-
ever, SIC-like events continued to occur under these
conditions in hypo-osmotic ACSF (average amplitude,
65.5 ± 15.3 pA; average 10%–90% rise time, 42.2 ±
7.3 ms; average decay tau 122.0 ± 26.7 ms; n = 45 events
from 5 neurons, Figure 8D). Collectively, these data sug-
gest that (1) SIC-like currents occur in pathological condi-
tions and are biologically distinct from neuronal mEPSCs,
(2) they occur independent of vesicular release of trans-
mitter from neurons, and (3) they occur independent of
IP3 receptor-dependent astrocyte Ca
2+ elevations.
DISCUSSION
By use of transgenic mice that express an astrocyte-
specific Gq-coupled receptor, we provide compelling
evidence that GPCR-mediated astrocyte Ca2+ elevations
are not sufficient to affect neuronal ionotropic glutamate
receptor activity. Activation of astrocyte-specific Gq
receptor signaling was also unable to trigger neuronal
Ca2+ elevations, further indication that putative release
of glutamate by astrocytes does not directly activate
neuronal iGluRs coupled to Ca2+ influx. Stimulation ofmetabotropic glutamate receptors, endothelin receptors,
and Ca2+ uncaging in single astrocytes also did not pro-
duce neuronal SICs or modify miniature NMDA synaptic
activity. Finally, we have been able to reliably trigger neu-
ronal NMDA receptor SIC-like currents in hypo-osmotic
pathological conditions that do not require vesicular
Figure 8. Neuronal SIC-like Currents Are Induced by Switch
to Hypo-Osmotic Conditions
(A) SIC-like currents evoked in a CA1 pyramidal cell in aMrgA1+mouse
slice during cell swelling. The arrow points to a SIC-like event ex-
panded in the inset. SIC-like events were very frequent initially but
continued to occur at lower frequency in hypo-osmotic solution.
(B) SIC-like currents are strongly inhibited by 1.3 mM Mg2+ (upper
panel) and blocked by 50 mM AP5 (lower panel), indicating that they
are NMDA currents.
(C) Bafilomycin (4 mM) treatment + 1 mMTTX almost completely blocks
neuronal synaptic activity in IP3R2 KO mice (*p % 0.001, Student’s t
test).
(D) Neuronal SIC-like currents persist in IP3R2 KO mouse slices during
complete inhibition of neuronal vesicular release by bafilomycin + TTX.
Astrocytes from IP3R2 KO mice are completely unable to elevate Ca
2+
from IP3-sensitive stores by metabotropic receptor agonists (see Re-
sults). Region of expanded timescale indicated by dotted lines shows
isolated SICs in these conditions include some smaller amplitude
events (but large on average). Inset shows the averaged trace.Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 621
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Ca2+ elevations.
We have created a novel tool to study astrocyte-
neuronal signaling. By expressing a Gq-coupled receptor
(MrgA1) only in astrocytes that is activated by a ligand
not endogenously expressed in brain, we have directly
assessed the contribution of astrocyte Ca2+ signaling on
excitatory neuronal receptor activity. Activation of the
MrgA1 receptors in astrocytes by the RF amide peptide
FLRFa produced robust, repeatable, long-lasting Ca2+ el-
evations in a very high percentage (80%–90%) of stratum
radiatum astrocytes. We were surprised to discover that
MrgA1 receptor-evoked astrocyte Ca2+ elevations did
not affect excitatory synaptic activity of CA1 pyramidal
neurons, given the large number of previous studies indi-
cating that astrocyte Ca2+ increases alone are necessary
and sufficient for glutamate release by astrocytes (Araque
et al., 1998a, 1998b; Haydon, 2001; Parpura et al., 1994).
Expression of functional MrgA1 receptors in MrgA1+ mice
was seen in the vast majority of hippocampal astrocytes,
and those astrocytes not expressing the receptor were
randomly scattered, not grouped. Therefore, virtually
every CA1 pyramidal neuron was embedded in a field of
MrgA1+ astrocytes that elevated Ca2+ upon application
of the MrgA1R agonist FLRFa. The characteristics of
Ca2+ elevations evoked by MrgA1 receptor activation,
including the presence of Ca2+ initiation sites in astrocyte
processes, mirrored those of endogenous metabotropic
glutamate receptor Ca2+ elevations in the same cells.
These data indicate that expression and activation of as-
trocytic MrgA1Rs does not aberrantly affect endogenous
signaling cascades activated by Gq GPCR stimulation.
Uncaging IP3 inMrgA1
+ astrocytes resulted in a significant
increase in the frequency of AMPA sEPSCs, as we
observed previously in slices fromwild-type hippocampus
(Fiacco andMcCarthy, 2004), indicating that expression of
the MrgA1 receptors in astrocytes does not interfere with
the ability of astrocytes to modulate neuronal activity (Fig-
ure S2). Furthermore, in experiments demonstrating lack
of effect of astrocyte Ca2+ elevations on neuronal activity
by activation of (1) astrocytic MrgA1Rs in transgenic mice
(Figure S1) and (2) endogenous endothelin receptors in
wild-type mice (Figure 7), we observed that NMDARs
are actively sensing ambient glutamate and changes in
ambient glutamate concentration. The data overall sug-
gest that astrocytes do not release glutamate following
activation of endogenous Gq GPCRs in wild-type mice
or MrgA1 Gq GPCRs in the MrgA1+ transgenic mice.
As an additional test to determinewhether stimulation of
astrocytic MrgA1Rs affects neuronal synaptic activity, we
also recorded neuronal Ca2+ in dendrites and spines dur-
ing application of the MrgA1R agonist FLRFa. It had been
previously demonstrated in situ, first by Pasti et al. (1997)
andmore recently by Fellin et al. (2004), that evoked astro-
cyte Ca2+ elevations produced large somatic Ca2+ eleva-
tions in groups of adjacent pyramidal neurons bulk-loaded
with Ca2+ indicator. In both studies, astrocytes were stim-
ulated using agonists to endogenous mGlu receptors:622 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.tACPD by Pasti et al. (1997) and DHPG by Fellin et al.
(2004). In the present study, we observed no changes in
neuronal Ca2+ in secondary dendrites and associated
dendritic spines during selective stimulation of astrocytic
MrgA1 Gq GPCRs. Recording Ca2+ in secondary den-
drites of CA1 pyramidal neurons should be a very sensitive
assay for neuronal Ca2+ elevations triggered by activation
of iGluRs compared to measurements made in the cell
body as was done previously. These data suggest that
Ca2+-dependent release of glutamate by astrocytes
does not result in Ca2+ influx via activation of neuronal
iGluRs and corroborate our findings showing no effect
on neuronal iGluR synaptic currents. Because our mea-
surements were done primarily in dendritic compartments
and not selectively in dendritic spines, we cannot rule out
the possibility that astrocytes are influencing synaptic
Ca2+ activity on a scale that was beyond the level of detec-
tion used in our study. Such a level of detection should not
be necessary, however, to measure the type of Ca2+ in-
creases reported previously in groups of neurons attrib-
uted to synchronization of neuronal SICs (Fellin et al.,
2004). Due to the specificity of astrocytic Ca2+ activation
in the MrgA1+ mice, our results also raise the possibility
that the nonselective mGluR agonists used in the previous
studies were evoking neuronal Ca2+ increases that were
not astrocyte mediated. DHPG is known to have a number
of direct actions on CA1 pyramidal neurons, including el-
evating Ca2+, depolarization, and increased cell firing
and potentiation of NMDA receptor currents (Heidinger
et al., 2002; Liu et al., 2006a; Mannaioni et al., 2001; Pisani
et al., 2001; Rae and Irving, 2004). We have demonstrated
using a combination of MrgA1+ transgenic mice together
with IP3R2 knockout mice that the depolarizing effect of
DHPG occurs completely independent of astrocyte Ca2+
elevations, raising the possibility that other effects of
DHPG previously reported in neurons—including Ca2+
elevations and neuronal SICs—are produced by directly
activating mGluRs on neurons or indirectly by activating
mGluRs on other (nonastrocytic) cell types. Finally, it is
possible that the synchronized neuronal Ca2+ elevations
reported previously in neonatal rat slices were a product
of early development and therefore difficult to reproduce
in more mature tissue. In support of this, Parri et al.
(2001) indicated that the neuronal Ca2+ elevations and
SICs they observed in neonatal VB thalamus of the rat
that were synchronized to spontaneous astrocyte Ca2+
elevations showed a clear developmental profile.
We provide data showing that changes in osmolarity are
sufficient to produce SICs. Recently, Kozlov et al. (2006)
reported that SICs and SOCs (slow outward currents)
in neurons of the rat olfactory bulb were significantly
enhanced in frequency in hypo-osmotic conditions and
were almost completely inhibited in hyperosmotic condi-
tions. The authors concluded that the sensitivity of SICs
and SOCs to the osmolarity of the extracellular solution
was a strong argument in favor of an anion channel-medi-
ated mechanism of glutamate release, which is a Ca2+-
independent form of transmitter release. The findings of
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in our acute hippocampal slices. We also readily demon-
strated the occurrence of NMDA receptor-mediated,
SIC-like events in CA1 pyramidal neurons during perfusion
with hypo-osmotic ACSF. These SICs were not inhibited
during block of neuronal vesicular release by TTX and
bafilomycin in slices from IP3R2 knockout mice, in which
astrocytic IP3 receptor-driven Ca
2+ elevations were com-
pletely blocked. These results suggest that SIC-like events
occur during cell swelling, are not driven by vesicular re-
lease of transmitter from neurons, and are not dependent
on astrocyte Ca2+ elevations. Because both astrocytes
and neurons express anion channels (Abdullaev et al.,
2006), further work will be necessary to determine the
source of the glutamate driving the swelling-induced,
SIC-like events.
Finally, the lack of effect of astrocyte Ca2+ elevations in
MrgA1+ transgenic and wild-type mice on the amplitude,
frequency, or kinetics of iGluR mEPSCs may appear
somewhat puzzling, given our previous work demonstrat-
ing increased frequency of AMPA sEPSCs following astro-
cyte Ca2+ elevations evoked by uncaging IP3 in single
astrocytes (Fiacco and McCarthy, 2004). However, the
discrepancy in these findings might be explained by
a number of differences in experimental conditions. The
foremost among these is that Ca2+-dependent glutamate
release by astrocytes may be strongly influenced by the
specific technique(s) used to stimulate the astrocytes.
This possibility is supported by our ability to measure an
increased frequency of AMPA sEPSCs following uncaging
of IP3 in the MrgA1
+ mice (Figure S2). Uncaging IP3 pro-
duced Ca2+ responses that propagated through the astro-
cyte much more rapidly compared to the MrgA1-induced
responses (Figures 3A–3D, see also Movie S1). It is possi-
ble that the speed of the synchronized intracellular Ca2+
wave, or the occurrence of fast, repetitive Ca2+ elevations
produced by multiple uncagings, facilitates glutamate
release by astrocytes. In support of this view, Chen et al.
(2005) demonstrated that astrocytes release vesicles by
complete fusion with the plasmamembrane following me-
chanical stimulation, but adopt a ‘‘kiss-and-run’’ style of
release following Ca2+ mobilization evoked by agonist
administration (Chen et al., 2005). Kiss-and-run fusion is
fast and results in incomplete discharge of the vesicular
content. Thus, mechanical stimulation and uncaging tech-
niques used to evoke astrocyte Ca2+ elevations may result
in an astrocytic glutamatergic modulation of neuronal syn-
aptic activity that is not replicated by activating astrocytic
Gq GPCRs. Our findings suggest that Ca2+ elevations in
astrocytes evoked by agonist administration do not di-
rectly activate or modulate neuronal iGluR conductances.
In summary, we provide compelling evidence that
astrocyte Ca2+ elevations produced by activation of Gq
GPCRs are insufficient for the generation of neuronal
excitatory synaptic activity, including neuronal SICs. The
reliable appearance of NMDA receptor-driven, SIC-like
events in hypo-osmotic buffer during block of vesicular
neurotransmitter release and astrocyte Ca2+ elevationssuggests that SICs may result from nonvesicular gluta-
mate release occurring in pathological situations. Our
findings call into question the developing consensus that
astrocytes release glutamate in a Ca2+-dependent man-
ner to affect spontaneous neuronal excitatory synaptic
activity. It may be important at this time to reassess the
physiological conditions that might support an astrocytic
glutamatergic modulation of neuronal activity and what
function astrocyte glutamate release might serve in brain
signaling and behavior.
EXPERIMENTAL PROCEDURES
Generation of Gq-Coupled Receptors Targeted to Astrocytes
GFAP-tTAmice have been previously described (Lin et al., 2004; Pasc-
ual et al., 2005). For tetO-MrgA1 constructs, the tetO-minimal CMV
promoter was removed from pUHD10-3 (kindly provided by Dr. Her-
mann Bujard, ZMBH, University of Heidelberg) and placed upstream
of heterologous intron in pTg-1 (kindly provided byDr. Randy Thresher,
University of North Carolina at Chapel Hill). MrgA1-GFP fusion
sequence (kindly provided by Dr. Xinzhong Dong, Howard Hughes
Medical Institute, California Institute of Technology) was cloned into
pTg-1, downstream of intron. The pTg-1 provides SV40 poly A signal
for cDNA cassettes. For tetO-lacZ, lacZ sequence from pCH110
(Clontech) was cloned downstream of tetO promoter in pTg-1. For
tetO-MrgA1 mice, the two tetO-responsive constructs were digested
away from prokaryotic sequence and coinjected into C57 3 C3H
hybrid oocytes by the Animal Models Core Facility at UNC-CH.
Founder mice were identified by PCR, crossed to GFAP-tTA mice,
and screened for transgene expression. All mice were kept in the
animal facilities at the University of North Carolina, Chapel Hill in accor-
dance with Institutional Animal Care and Use Committee guidelines.
Immunofluorescence
Mice (P15 or adult [>P60]) were deeply anesthetized with urethane and
perfused with ice-cold PBS followed by 4% paraformaldehyde (PF)/
0.1 M NaPO4, pH 7.4. Brains were removed and postfixed for 2 hr at
4C in 4% PF/0.1 M NaPO4, pH 7.4, before cryoprotecting in 30%
sucrose and subsequent freezing in OCT. Staining was performed as
previously described (Casper and McCarthy, 2006). Primary anti-
bodies were applied at the following dilutions: rabbit anti-GFP
(1:500, Chemicon), mouse anti-GFAP (1:1000, Sigma), mouse anti-
NeuN (1:500, Chemicon), rabbit anti-NG2 (1:1000, Chemicon), mouse
anti-GFP (1:500, Sigma). Secondary antibodies, Alexa 488 or 594 con-
jugated goat anti-mouse and anti-rabbit, were from Molecular Probes
and used at 5 mg/ml.
Preparation of Hippocampal Slices and Bulk-Loading
Parasagittal hippocampal slices (300 mm thick) were prepared from
10- to 17-day-old C57BL/6J (Jackson Laboratory, Bar Harbor, ME),
hGFAP-tTA:: tetO MrgA1 (MrgA1 construct obtained from Dong
et al., 2001), or IP3R2 KO mice (Li et al., 2005), using a Leica
VT1000s Vibratome (Bannockburn, IL). Slices were prepared in ice-
cold, nominally Ca2+-free saline containing (in mM): 125 NaCl, 2.5
KCl, 3.8 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, 25 glucose, and 0.1 kynur-
enic acid, bubbled with 5% CO2-95% O2. Subsequently, slices were
incubated for 45 min at 35C–37C in oxygenated artificial cerebrospi-
nal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 2.5 CaCl2,
1.3 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, and 25 glucose, bubbled with
5% CO2-95% O2, plus 11 mM Ca
2+ green-1 AM or Fluo-4 AM Ca2+ in-
dicator dye (Invitrogen, Carlsbad, CA) and 0.07% pluronic acid in
ACSF (final DMSO concentration: 0.4%). For bulk-loading caged
Ca2+, 10 mM o-nitrophenyl EGTA (Invitrogen) was made up together
with the Ca2+ indicator in order to maintain final concentrations of plur-
onic and DMSO. The Ca2+ green or Fluo-4 was primarily sequesteredNeuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc. 623
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McCarthy, 1996) and mice (Nett et al., 2002). Following the incubation
period at physiological temperature, slices were given 15min to cool to
room temperature. Once slices equilibrated to room temperature, they
were transferred to a recording chamber and continuously superfused
with oxygenated, room temperature ACSF.
Patch-Clamp of Astrocytes
Pipettes were pulled from borosilicate glass on a Narishige (Tokyo,
Japan) PP-83 two-stage vertical pipette puller and not fire-polished.
Pipettes had resistances of 8–9MUwhen filled with the following inter-
nal solution: 130 mM K-gluconate 130, 4 mM MgCl2, 10 mM HEPES,
10 mM glucose, 1.185 mM Mg-ATP, 10.55 mM phosphocreatine,
and 0.1315 mg/ml creatine phosphokinase, pH 7.3 by KOH. Also
included was 200 mM Ca2+-indicator dye Oregon green BAPTA-1
(OGB-1) and 400 mM caged IP3 (Invitrogen). Whole-cell patch-clamp
recordings of astrocytes and neuronswere performed at room temper-
ature using a Multiclamp 700B amplifier and PCLAMP 9.2 software
(Axon Instruments, Union City, CA).
Patch-Clamp of Neurons
Neuronal pipettes had resistances of 4.6–6 MUwhen filled with a solu-
tion containing the following (in mM): 145 K-gluconate, 2 MgCl2,
10 HEPES, 4 Mg-ATP, 14 phosphocreatine, and 0.2 Na-GTP, pH 7.3
with KOH. Also included was 200 mM Alexa Fluor 568 hydrazide dye
(Invitrogen) to image cell morphology. In experiments studying the
effect of astrocytic MrgA1 receptor activation on neuronal Ca2+,
400 mM Fluo-4 hydrazide Ca2+ indicator dye was included in the inter-
nal solution.
In experiments studying the effect of MrgA1+ evoked astrocyte Ca2+
elevations on neuronal synaptic activity, neurons were initially patch-
clamped in regular ACSF external solution and then switched to
Mg2+-free ACSF + 100 mM picrotoxin, 10 mM D-serine, and 1 mM
TTX. In some experiments where indicated, the Mg2+-free external
solution was the same as described above with the addition of 10 mM
NBQX to isolate neuronal slow inward currents (SICs). Upon attaining
the whole-cell configuration, the cell membrane potential, input resis-
tance, and access resistance were recorded, and the external solution
was then switched to the Mg2+-free solution described above. Slices
were bathed in the Mg2+-free solution for 8 min prior to the initiation
of the neuronal gap-free current recording. We have observed that it
takes approximately 5–8 min in Mg2+-free solution for spontaneous
NMDA currents to appear. When isolated by including 10 mM NBQX
to block AMPA currents, NMDA mEPSCs have significantly slower
kinetics and tend to be noisier compared to AMPA currents. Access
resistances were monitored in order to ensure that the access did
not change more than 20%.
During neuronal recordings, drugs were added to the perfusion
solution using an electronic valve controller (Warner Instrument, Ham-
den CT). Drugs used to initiate astrocyte Ca2+ elevations, including the
MrgA1 receptor agonist peptide FLRFa, were applied for 70–90 s
depending upon the delay to the initiation of the astrocyte Ca2+ re-
sponse. In control experiments performed using littermates express-
ing either tTA or MrgA1 (but not both together, which would indicate
expression of the MrgA1 receptor, see above), FLRFa was added for
a full 2 min in order to ensure lack of astrocyte Ca2+ responses.
Because there is a delay to the onset of the Ca2+ increase relative to
the switch in perfusion solution (wash-in time), we used specialized
software to time synchronize astrocyte Ca2+ increases to the neuronal
recording (Physiolink; Olympus, Melville, NY). This allowed us to pre-
cisely analyze any changes in neuronal currents relative to changes
in astrocyte Ca2+.
Confocal Imaging and IP3 and Ca
2+ Uncaging
Dye-filled neurons and astrocytes were visualized using an Olympus
Fluoview 300 argon/krypton confocal microscope. Changes in fluores-
cence intensity over time were recorded in astrocytes and neurons by624 Neuron 54, 611–626, May 24, 2007 ª2007 Elsevier Inc.placing analysis boxes (ROIs) over individual cellular compartments,
using Olympus Fluoview v.5 software. Increases in average fluores-
cence intensity over baseline fluorescence (DF/F0) within the ROI indi-
cated increases in Ca2+ concentration (Takahashi et al., 1999). Caged
IP3 was uncaged by a short (5–10 pulses) train of 10–15 ms, 30 mW,
2.5 mM diameter pulses from a Coherent UV laser (Santa Clara, CA).
Caged Ca2+ was uncaged using 20–30 100 ms, 100 mW pulses.
Analysis of Synaptic AMPA/NMDA Currents
Neuronal currents were analyzed before, during, and after astrocyte
Ca2+ increases using PCLAMP9.2 software (Axon Instruments). A tem-
plate intrinsic to each recording was created by averaging five
individual mEPSCs together and used to detect individual events. Cur-
rents were not curve-fitted, and event statistics were taken for individ-
ual currents and then averaged, rather than taking the parameters from
the averaged trace. Only events erroneously counted twice by the anal-
ysis software were rejected; otherwise, every event selected by the
template was included in subsequent analyses. Amplitude, frequency,
10%–90% rise time, and decay taus were analyzed. Error bars in all
graphs presented are SEM. Student’s t test was used to test for statis-
tical significance of individual current parameters between events be-
fore versus events during or after astrocyte Ca2+ elevations. Due to
the short durations characteristic of astrocyte Ca2+ elevations, sample
sizeofmEPSCs in individual pyramidal neuronswas too small to runcu-
mulative probability to compare events occurring during astrocyteCa2+
elevations to events occurring before or after. Therefore, data from the
total number of cells were pooled prior to plotting cumulative probabil-
ity, and therefore these data represent the entire population of cells
rather than an individual ‘‘representative’’ cell. The Kolmogorov-
Smirnov test was used to compare event distributions presented as
cumulative probability. Degree of significance is denoted by an asterisk
(*) for p < 0.05 and a double asterisk (**) for p < 0.01.
Visualization and Analysis of SIC-like Currents
SIC-like events were reliably evoked by switch to hypo-osmotic solu-
tion prepared by omitting 25mMNaCl from theMg2+-free experimental
ACSF (Mg2+-freeACSF+100mMpicrotoxin, 10mMD-serine, 1mMTTX,
and 10 mMNBQX). Often only a small number of SIC-like currents were
observed in hypo-osmotic conditions (n = 7.7 events on average). Be-
cause of this, a template style of event detectionwas not ideal, asmany
of the same events used to create the template would be the ones
analyzed in the recording. Therefore, these events were detected and
measured using a threshold-based search strategy using PCLAMP
9.2 software. Threshold was set at the minimum level necessary to de-
tect events over noise (8–10 pA from center of baseline). Events were
not curve-fitted, and decay taus were calculated from 10% of peak
amplitude. Events were analyzed during the first 2 min of perfusion
with hypo-osmotic ACSF, when SIC-like events were most frequent.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/4/611/DC1/.
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